We theoretically analyze a new class of aperiodic phase mismatch. The phase-matching function that is chosen depends on the calculated second-harmonic amplitude generated in the device during the propagation of the fundamental beam at given input intensity and wavelength. We show that, in such a configuration, the fields evolve toward the eigenmodes of a (2) two-wave mixing process. Hence a constant pump and an enhanced nonlinear phase shift that grows linearly with propagation length are obtained. We also discuss the feasibility of this scheme that provides an alternative approach for the realization of optical switching devices or Kerr-effect compensators.
INTRODUCTION
In the past few years, several investigations have been carried out to increase, for a given intensity, the nonlinear phase shift (NLPS) induced by 2 : 2 cascaded interactions on the fundamental beam.
1,2 Potential applications include optical transistors and all-optical switching devices that have low switching intensity. [3] [4] [5] [6] [7] The use of an optical element that exhibits a negative nonlinear phase shift was also recently proposed for compensation of the optical Kerr effects accumulated in high-energy pulses propagating in optical fibers. 8, 9 A detailed analysis and optimization of the NLPS by second-harmonic generation (SHG) in a spatially constant phase-matching condition was carried out by Stegeman et al. 10 Later, Assanto et al. took into account a configuration in which the second-harmonic process is coherently seeded by one of the participating frequencies. 11 They showed how initial conditions and the characteristics of the seed modify the NLPS and the pump amplitude at the sample output. An alternative approach was proposed by Kaplan 12 and by Trillo et al. 13 Studying the eigenmodes of 2 wave mixing processes, they showed that, in steady-state configuration, the beams do not exchange energy but exhibit a cross-induced nonlinear refraction that leads to a linear growth of the NLPS. In 1998 Cha demonstrated theoretically that an increase of 84% in the NLPS can be obtained for a SHG process in a nonperiodically poled lithium niobate crystal. 14 The aperiodicity was induced by a single domain of a grating whose width and position were calculated to maximize the NLPS. Another approach, proposed by Landry and Maldonado, 15 is based on a contrapropagating quasi-phase-matched configuration previously introduced by Ding and Khurgin 16 for SHG. Their analysis revealed that, as a result of the interaction among the six waves that are present in this SHG process, an appreciable NLPS can be achieved at low intensity. The same characteristics were obtained by Koynov and Saltiel 17 with a multistep 2 : 2 cascading configuration. Recently Trevino-Palacios et al. 18 performed, with poling techniques, a linearly and quadratically spatially chirped wave-vector mismatch in lithium niobate waveguides. To our knowledge, they were the first to evoke the possibility of increasing NLPS by using such a spatially varying phase mismatch. 19 In this paper, like Trevino-Palacios et al. we consider a SHG process with a quasi-continuous varying phase mismatch (PM). In Section 2 we generalize the approach taken by Armstrong et al. for solving the nonlinear coupled-mode equations that describe the SHG process to include an aperiodic continuous PM distribution. 20 The existence of solutions for these equations is then analyzed in detail. In Section 3 we present results obtained with spatially varying PM functions that directly depend on the amplitude of the generated second-harmonic field for a given input intensity and wavelength of the fundamental beam. The numerical results show that such PM distributions lead to a stationary regime in which the oscillations in the field amplitudes are suppressed and a NLPS grows linearly with propagation distance. The parameters that govern the sign of the resultant NLPS are examined, and enhancement of the NLPS is demonstrated with respect to the constant PM case. Analytical expressions for the asymptotic solutions are also presented that confirm the conclusions of the numerical simulations. In Section 4 experimental feasibility is discussed in the light of current quasi-phase-matching techniques that use periodically poled materials. Only marginal differences between a sampled PM function and a strictly continuous one are observed in the stationary regime. An equivalent configuration based on two consecutive sections with constant but different PM is then proposed.
EXISTENCE OF SOLUTIONS FOR SECOND-HARMONIC GENERATION EQUATIONS IN AN ANHARMONIC PHASE-MATCH CONFIGURATION
The starting point of our description is nonlinear coupledmode equations that were developed under the assump-tion of validity of Kleinman's symmetry and expressed in the slowly varying envelope approximation. Using the formalism of Armstrong et al. 19, 20 and taking into account a continuously varying phase mismatch ⌬k ϭ ⌬k(z) induced by the wave-vector mismatch of the fields and the contribution from the material poling function, we can write the coupled-mode equations as
where the relative phase is ()
2 , the normalized propagation distance is ϭ ⌫z and
The incident intensity is represented by W,c is the speed of light, and is the index of refraction. The amplitude and the phase of the beams are, respectively, and and refer to the fundamental or the second-harmonic field according to the subscript. The nonlinear susceptibility (2) represents, in the case of quasi-phase-matched techniques, the effective nonlinear susceptibility. The function h represents the contribution of the anharmonic PM distribution to the phase derivative. As shown by Armstrong et al., 20 Eqs. (1) and (2) imply the Manley-Rowe relation, u 2 ϩ v 2 ϭ 1. Equation (3) can still be integrated with the method of variation of parameters. With v(0) ϭ 0 as the initial condition, one gets
From Eqs. (1), (2) , and (5), straightforward algebra leads to the following differential equation for v: 
that g(v, ) always has at least two roots in the range 0 Ͻ v Ͻ 1. Furthermore, for all the two lowest positive roots form an interval l s that is compatible with the initial conditions in which g (v, ) is positive and the derivative of v 2 is defined. The interval l s of the possible values of v is encompassed in the region ͓0, N͔. N is defined by
and corresponds to the first strictly positive roots of the polynomial function written in the right-hand side of inequality (7) . Note that constant N can be related to the development made by Armstrong et al. 20 and corresponds to the second root that confines the Jacobi elliptic function that describes the SHG process with PM equal to the product m⌫. This is consistent with the case of constant phase mismatch for which, of course, M ϭ m and h() ϭ M/⌫. Adding to these results the existence-uniqueness theorem 22 applied to Eqs. (1), (2) , and (5), one can conclude that the coupledmode equations with an arbitrary continuous PM function should always admit of solution and, for a given input intensity and wavelength, the interval l s , defined by the two lowest positive roots of g(v, ), contains all possible values of the normalized second harmonic v. Moreover, the dependence of the roots implies a similar behavior for the width of l s and thus a possible dependence of the maximum and the minimum values of v. Note that these conclusions can be extended to a discrete distribution of the PM for which a confinement of ⌶ 2 () is still possible. A scheme for such a distribution is a cascaded succession of nonlinear crystals with different PM.
SOLUTIONS FOR FIELD AMPLITUDE-DEPENDENT PHASE MISMATCH
A. Evolution of the Field Amplitudes Mathematically, several phase-mismatch functions can lead to solutions with different evolutions for the maximum and the minimum of v. However, only a few of those solutions are physically feasible and are of some interest. One of them, in the form ⌬k ϭ ⌬k 0 (A ϩ v n ) (A Ͼ 0), depends on the amplitude of the secondharmonic field generated during the propagation of the fundamental beam in a given input intensity and wavelength configuration, called hereafter the reference configuration. Such a distribution increases the NLPS by introducing strong initial depletion of the pump beam with an optimized phase-mismatch factor ⌬k 0 , whereas its feedbacklike effect, induced by the v dependence, tends to stabilize the amplitudes of the beams during propagation. Once the phase-mismatch function is fixed, it is possible to determine the evolution of the amplitude and the NLPS of the beams in the reference phasemismatch configuration. Using the definition of ⌫() and Eq. (6), we can rewrite g(v, ) for the reference configuration as the product of the two following functions:
where the integral function
is positive and increases with . From this property it can be deduced that, for Ͼ 0, p 2 (v, ) is strictly positive for v ͓0, 1͔ and therefore, as it has no roots in this last interval, is not relevant for the evolution of v. The same operations on p 1 (v, ) lead to the following inequality:
When we use a development in Riemann series and their convergence properties, 20 the integral behaves as a geometrical transformation that shifts the following polynomial function uniformly to the negative values:
where q, the index of the Riemann series, is chosen such that the difference between the series and the integral is less than a given arbitrary first-order error function O(q) and the derivative term is negligible. It can easily be demonstrated that p(v) has at least two roots included in [0, 1] and that, between the two lowest roots, p(v) is positive and admits of a local maximum. Inasmuch as the shift increases toward the negative values with , the two roots, according to the structure of the polynomial function, will move closer together when the propagation length increases. The result is a reduced width of l s and thus a stronger confinement of the possible values of v. The confinement can be reduced to one unique value when the shift is sufficient to merge the two roots or, equivalently, when the local maximum of the shifted polynomial function is tangential to the v axes. When this point is reached, the oscillations in the amplitudes of both fields will disappear. As we shall see below, by definition this point corresponds to the eigenmode fields of the nonlinear interaction.
Numerical Results
The typical evolution of the amplitude of the fundamental field is shown in Fig. 1(a) . Simulations have been done with a fifth-order Gill-corrected Runge-Kutta method.
In the model, the phase-mismatch distributions have been sampled such that each sample is physically realizable with poling techniques. The length of a sampling step corresponds to the physical length of one period of an inversion grating that would produce the given ⌬k in the usual Fourier-transform approximation. The relevant parameters of the simulations are ⌬kL ϭ , ⌫L ϭ 18, and L ϭ 0.02 m. As was estimated by Cha, 14 such a value of ⌫L can be experimentally achieved in a 2-cmlong Z-cut lithium niobate crystal with a 63-MW/cm 2 input power beam emitted in a 1.55-m range. The stabilization of the pump, as expected, appears clearly for all the nonconstant phase-mismatch distributions that are shown. The behavior of the corresponding secondharmonic field can be deduced simply by use of the Manley-Rowe relation. For the particular case of ⌬k ϭ ⌬k 0 v 2 the stabilization is achieved after a propagation length of 15.8 mm, and the normalized amplitude output value is 0.822. For ⌬k ϭ ⌬k 0 (1 Ϫ v 2 ) we have similar results, a stabilization of the beams after 15.6 mm of propagation and an output value for u of 0.802. The relevance of the latter phase-mismatch distribution will be obvious in Section 4 when we discuss NLPS evolution. Figure 1(b) shows that the amplitude decreases slowly when ⌫ or n increases.
Asymptotic Solutions
When it becomes stationary one can evaluate the amplitude of the fundamental beam by evaluating the derivative of Eq. (8):
(13) When v is constant, the last term on the right-hand side of Eq. (13) is zero and, as we discussed above, the steady state is reached when the local maximum of p 1 is tangential to the v axis. This makes the second-harmonic stabilized amplitude the lowest positive root of
Equation (14) is consistent with the results that were obtained with a Hamiltonian formalism by Trillo et al. 13 The pump amplitude is deduced from Eq. (14) by use of the Manley-Rowe relation. Note that the n dependence of the output amplitude appears explicitly and confirms the results obtained in the simulations. The dependence on the input intensity appears throughout ⌫ and, as expected, leads also to a decrease in the stationary output pump amplitude when the input intensity increases. The stabilization length, defined as the propagation length required for reaching steady state, is a function of the integral term in Eq. (8) and therefore cannot be evaluated. However, several numerical simulations have shown that the stabilization length decreases with ⌫ and increases with n. Table 1 lists some numerical values found for ⌬k ϭ ⌬k 0 v n , ⌬k 0 L ϭ , and L ϭ 0.02 m.
B. Nonlinear Phase Shift

Numerical Results
The pump phase shifts obtained for the chosen PM are shown in Fig. 2(a) . For both PM distributions ⌬k ϭ ⌬k 0 v 2 and ⌬k ϭ Ϫ⌬k 0 v 2 , the quasi-linear behavior of the NLPS is clearly achieved after a propagation length of ϳ8 mm. In the case of ⌬k ϭ ⌬k 0 v 2 , the NLPS enhancement has been evaluated to be 48% of that of an optimized equivalent scheme with a constant PM distribution (⌬k ϭ 3.83/L). The enhancement can be optimized with a more suitable choice of ⌬k 0 . Indeed, it can be numerically shown that ⌬k 0 ϭ 3.04401(/L) (L ϭ 2) leads to the maximal value of NLPS and to an enhancement of 52% compared with the same constant PM distribution as before. The NLPS decreases smoothly after that the maximum has been reached. For the particular value of ⌬k 0 ϭ 3.04401(/L) (L ϭ 2) we found a normalized output pump amplitude of 0.834 and a short stabilization length of 8.5 mm. The behavior of the normalized output amplitude is consistent with Eq. (14) . Simulations done between 0.6/L and 16/L show that in this range the stabilization length decreases rapidly when ⌬k 0 increases.
Particular attention should be given to the behavior of the phase for ⌬k ϭ ⌬k 0 (1 Ϫ v 2 ). This phase-mismatch distribution has a constant positive sign, as does ⌬k ϭ ⌬k 0 v 2 , but the NLPS becomes negative after 10 mm of propagation and keeps decreasing. One can deduce that the sign of the PM can no longer be considered the only parameter that is pertinent for NLPS evolution, although it is true that, for a given PM, changing the sign of ⌬k 0 implies changing the sign of the NLPS. 1, 11, 12 In the present case, this behavior can be linked, as we examine below, to the evolution of the relative phase ϭ 2 w Ϫ 2w during propagation.
Asymptotic Solutions
The result of a constant asymptotic amplitude u as for the fundamental beam allows us to apply a formalism that is quite similar to the low-pump-depletion formalism for calculating the asymptotic solution for NLPS. The main equation is the nonlinear uncoupled equation deduced from the SHG equations, the initial conditions, and the Manley-Rowe relation, namely, in the present case,
By direct substitution, it can be deduced that in the stationary regime the evolution of the phase shift will be given by
Whereas Eqs. (16) give rise to two possible solutions for the NLPS, numerical analysis shows that for ⌬k ϭ ⌬k 0 (A ϩ v n ) and ⌬k 0 Ͼ 0 the only possible evolution is the derivative given by d as /d ϩ . For ⌬k ϭ ⌬k 0 (1 Ϫ v n ), d as /d Ϫ applies. As we shall see below, the evolution of the NLPS relative to the phase mismatch is linked to the value of the relative phase in the asymptotical regime. Changing the sign of ⌬k 0 just inverts the results. For ⌬k ϭ ⌬k 0 v 2 and the previous parameters, we obtain for d as /d ϩ the value of 0.284 rad. Note that, in both cases, the weak dependence of u as on ⌫ that we saw above implies that ͉d as /d Ϯ ͉ is a decreasing function of ⌫ and therefore that ͉d as /dz Ϯ ͉ is an increasing function of ⌫. For ⌫ ӷ 1, a first-order approximation of Eqs. (16) shows that ͉d as /dz Ϯ ͉ grows linearly with ⌫ and hence as the square root of the input intensity. This result is consistent with the results presented by Kaplan.
12 Figure  2 (b) clearly demonstrates this behavior and also gives the variation of ͉d as /dz Ϯ ͉ with n.
Physically, the interpretation given by Assanto et al. 7 for a NLPS that results from to a constant phasemismatched SHG process is still valid. But, because the amplitudes of the fundamental and the second-harmonic beams become constant, one can deduce that when the asymptotic regime is reached, the beams at each point of the propagation length exchange simultaneously the same quantity of energy. A consequence is that the increase of NLPS is continuous and does not have the steplike function structure that appears in the constant PM schemes when the oscillating amplitude of the fundamental beam goes through its minimum value or equivalently its most depleted state. Another approach is of course the one taken by Kaplan. 12 Because there is no net energy exchange between the two beams when the asymptotic regime is reached, but only the NLPS growth, the system can be viewed as a cross-induced nonlinear refraction effect between two beams propagating with a constant amplitude.
Because of the experimental difficulty in the realization of a perfect long inversion grating on a nonlinear material and considering the weak dependence of the asymptotic behavior on n, a PM distribution with the lowest value of n will be preferred for any device design. In this paper ⌬k ϭ ⌬k 0 v 2 has been retained because it permits several analytical calculations to be made.
EXPERIMENTAL FEASIBILITY
To discuss the experimental feasibility of a given PM distribution we refer to the well-known poling techniques 23, 24 and the possibility that they can modify and spatially control the PM. Let us just remember that, using Fourier series and retaining the dominant term, we can write 2 (Ϫ2, , , z) in the following form 25 :
where ⌳ is the period of the inversion grating, and thus the PM is given by
Note that ⌬k depends only on the grating period and not on the grating length. A cascaded succession of elementary gratings formed by one domain and one inverted domain thus results in a quasi-continuous PM distribution if the period of the elementary gratings varies. Inversely, because the Fourier series transformation is a one-to-one transformation, for a given PM function that has been accurately sampled it is possible to find a distribution of ⌳ and thus a cascaded collection of elementary inversion gratings that have the correct properties. Assuming that ⌬k ϭ ⌬k 0 f(v), the distribution of ⌳ is given by Figure 3 shows the theoretical evolution of the inversion grating period in a 2-cm-long lithium niobate sample for ⌬k ϭ (/L)v 2 , ⌫L ϭ 18, and ϭ 1.55 m.
A. Real Case
When the photolithographic resolution of ϳ0.2 m is taken into account, the variation in the inversion grating period shown in Fig. 3 is too small to be performed experimentally. Simulations lead to identical conclusions for periodically poled potassium titanyl phosphate and periodically poled lithium tantalate. Looking at Eq. (18), we can take two solutions into consideration to increase the variation in ⌳. The first one is to find some good material with the correct poling properties and a small chromatic dispersion. The second one consists of increasing ⌬k 0 , although this implies losses for the NLPS. However, whatever solution is chosen, it will undoubtedly be necessary to take into account a substantial reduction in the ⌬k distribution sampling that can be done experimentally. With numerical simulations it was possible to show that, with a ⌬k distribution sampled on 30 values that are compatible with the photolithographic resolution, the proposed phase-mismatch function will still give a result that is close to the predicted stationary state and to the predicted value of the NLPS. With the parameters ⌬k ϭ ⌬k 0 v 2 , ⌬k 0 L ϭ , and ⌫L ϭ 18 with L ϭ 2, NLPS evolution becomes quasi-linear, and the normalized pump amplitude weakly oscillates from 0.810 to 0.827 after a propagation length of 12.4 mm. At the output, the NLPS reaches 2.83 and its derivative, 0.51 rad/mm. Weak sampling can therefore be considered for experimental realization.
B. Equivalent Scheme
We consider again the nonlinear coupled-mode equations; Eqs. (1) and (2) clearly show that the amplitude can become constant, and hence independent of the propagation distance, if and only if becomes constant and an integer multiple of . Obviously, for these values the derivative of in Eq. (3) also vanishes. Hence one can conclude that the asymptotic regime corresponds to a stationary point of the nonlinear coupled-mode equations and therefore corresponds to an eigenmode of the involved (2) process. The eigenmode functions of the (2) wave-mixing processes have been studied extensively by Kaplan 12 and by
Trillo et al. 13 Let us just give the results in term of our chosen formalism and assumptions. The singularity of Eq. (3) that appears for ϭ p can be lifted with substitution operations and leads to
where h() is still defined by Eq. (4). Under the assumption of constant amplitudes the derivative in Eq. (4) is zero. Using the Manley-Rowe relation, we can rewrite Eq. (20) as
which gives a one-to-one relation between our constant asymptotic amplitude and a constant phase mismatch. Note that, if we take a PM given by ⌬k ϭ ⌬k 0 v as n and the correct initial conditions, Eq. (21) has to be strictly equivalent to Eq. (14) . It allows us to break down the sign degeneracy in Eq. (21) and to conclude that, when ⌬k 0 is positive, ϵ ͓2͔ leads to a positive NLPS, whereas ϵ 0͓2͔ leads to a negative phase shift. Changing the sign of ⌬k 0 just inverts the NLPS behavior described above.
Let us consider now a fundamental beam with normalized amplitude u equal to u as and a second-harmonic beam with a normalized amplitude v given by v ϭ v as ϭ (1 Ϫ u as 2 ) 1/2 . If we assume that the initial value of the relative phase (0), defined as (0) ϭ 2 (0) Ϫ 2 (0), is p, whereas the two beams launched together in a (2) nonlinear material in which the PM between the two beams is given by Eq. (21), then Eq. (20) is satisfied at each point of the propagation length. Consequently the normalized amplitude and remain constant during all the propagation, and, inasmuch as Eq. (14) still applies, the NLPS grows linearly. Obviously this scheme is equivalent to the asymptotic behavior that we have observed for our anharmonic PM distributions.
Finally, to complete the equivalent scheme, one can determine a constant PM ⌬kЈ and the corresponding propagation length LЈ that are necessary for generating the two beams discussed above from a single fundamental input beam in a SHG process. So we should solve the following system:
to obtain ⌬kЈ and LЈ. Note that, if one takes into account Eq. (3) in its integrated form for constant PM and v(0) ϭ 0, the following equation results:
which can be rewritten with respect to Eqs. (22) as (24) and (22) are not mathematically equivalent, one has to verify that the given solutions satisfy all the conditions and finally round LЈ up to the closest value that is compatible with the inversion grating geometry. Obviously, to avoid temporal walk-off in a pulsed regime one should choose ⌬kЈ to keep the required propagation length and therefore the sample as short as possible. Typically, the parameters L ϭ 20 mm, ⌫L ϭ 18, and ⌬k 0 ϭ /L lead to ⌬kЈ ϭ 2.7659/L, LЈ ϭ 3.146 mm, and ⌬k ϭ (/L)v as 2 ϭ 0.3227/L, which correspond in the particular case of lithium niobate and a wavelength of 1.55 m to inversion gratings with a period equal to 19.07 m for the first phase-mismatch distribution (LЈ ϭ 165 periods) and to 19.045 m for the second distribution. Such a scheme is made feasible simply by cascading of two periodically poled lithium niobate crystals that have the proper length and an inversion grating of 19 m while on each grating the PM is adjusted with thermoelectric devices. Note that the geometry of the inversion gratings and the choice of the shortest possible length LЈ do not usually allow one to reach exactly the values u as for u and for at the input of the second crystal. The amplitude of the fundamental beam is therefore weakly oscillating near 0.815. The NLPS growth becomes quasi-linear, with a slope value of 0.5087 rad/mm and an error parameter equal to 9.71 ϫ 10 Ϫ5 . The value has been evaluated with a linear fit of the NLPS in the asymptotic equivalent crystal only. Nevertheless, if this scheme gives good results for a monochromatic input beam with the correct intensity and wavelength, the strong dependence of the output beams on the initial conditions leads to a very narrow (ϳ1-nm) and noisy bandwidth. Indeed, the presence of two gratings with periods close to the phase-matching period on two crystals with lengths that are all, at least theoretically, large enough to depopulate the pump beam significantly breaks down the steady-state behavior as soon as the wavelength deviates from the its reference value. Consequently, the results at the output are strong amplitude oscillations and NLPS variation including sign change near each matched wavelength, and so on, in the near neighborhood of the reference wavelength.
An alternative technique includes beginning with a perfectly quasi-phase-matched crystal. In this approach one obtains, independently of the length of the crystal and the input power, a second-harmonic beam that is exactly shifted by /2 rad, whereas the beams' amplitudes are given by the well-known sech(⌫) solution for the fundamental beam and tanh(⌫) for its second harmonic. For this scheme, the length (LЈ) of the first crystal can obviously be evaluated by numerical solution of u as ϭ sech͑⌫LЈ͒, (25) and the relative phase between the two beams can be to set by adjustment of the distance D between the two crystals. The values of D are determined by the following equation, which is simply deduced from the propagation equations:
where 2 (medium) and (medium) are refractive indices evaluated in the chosen propagation medium and m is an integer. The advantages of such an approach are quite evident. The independence of the relative phase shift at the output of the first crystal from the input power and the crystal length permits better control of the characteristics of the intermediate output beams and makes them less sensitive to the initial condition. Also, an initial strong depletion of the pump is no longer needed to create the relative phase shift of . The consequence is that the length of the first crystal can be shortened to ϳ1/4 of the previous calculated length. This in turn implies an increase in the bandwidth the first crystal of roughly a factor 4 compared with that in the previous process. Furthermore, as has been shown by Bortz et al., 26 the bandwidth of a second SHG process can be greatly enhanced with a Barker code overmodulation technique. In the particular case of a 3.9-mm-long periodically poled lithium niobate device matching a second-harmonic wavelength of 922.4 nm, the authors were able to demonstrate experimentally and theoretically that overmodulation of the inversion grating based on a 13-bit Barker code enhances the Ϫ3-dB bandwidth of the device by 15 times, whereas the conversion efficiency is reduced only by a factor of 10. The Barker code that they used is given by the following bit sequence: (ϩ, Ϫ, ϩ, Ϫ, ϩ, ϩ, Ϫ, Ϫ, ϩ, ϩ, ϩ, ϩ, ϩ), where a ϩ represents an elementary grating formed by a (ϩd 33 , Ϫd 33 ) structure, whereas a Ϫ represents an elementary grating formed by a (Ϫd 33 , ϩd 33 ) structure. This definition is of course arbitrary and may be reverted. All the elementary gratings have lengths equal to a grating period. However, although this technique applies fairly well for well quasi-phase-matched structures, it seems not to be able to support the eigenmodes of the (2) SHG process the in long periodically poled lithium niobate structures. Therefore we use them only on the first crystal with the aim of obtaining eigenmodes for the second crystal on a reasonable spectral width centered on the reference wavelength. The bandwidth of the hole device will then be determined mainly by the second crystal.
Typical simulation results for a completely equivalent scheme for periodically poled lithium niobate samples are shown in Fig. 4 . Any possible influence of the intermediate medium encompassed between the two crystals was neglected and is in fact negligible if the chosen distance D is short enough. Sample length L has been fixed at 20 mm, and ⌫L at 18. The simulations still take into account the geometry of the inversion gratings and also the Barker code overmodulation on the first crystal. Length LЈ evaluated with Eq. (25) Figure 4(a) shows the evolution of the normalized amplitude of the pump beam; Fig. 4(b) , the evolution of the nonlinear phase shift. In the second crystal the residual oscillations of amplitude of the pump beam are less than 3.5%. A linear fit of the NLPS gives a slope equal to 0.5106 rad/mm with a quite negligible error parameter of 2229 ϫ 10 Ϫ5 . The NLPS enhancement with respect to an optimized equivalent scheme with a constant PM distribution (⌬k ϭ 3.83/L) has been evaluated to be 54%. The results for the bandwidth are shown in Fig. 5(a) for the amplitude and in Fig. 5(b) for the nonlinear phase shift. The simulation parameters are the same as above. The strong depletion peaks in the pump amplitude that appear after 1551.3 nm and the sign inversion of the NLPS that occurs at 1551.9 nm are both due to the quasi-phasematched SHG processes in the second crystal. Taking the two curves together to evaluate the Ϫ3-dB bandwidth in both the amplitude and the NLPS leads to a value of 3.6 nm. The behavior of the output pump beam as a function of input intensity is shown in Fig. 6(a) for the normalized amplitude and in Fig. 6(b) for the NLPS. Both figures exhibit remarkably good behavior of the device. Indeed, the amplitude has a variation of less than 10% when ⌫L runs from the operation point (⌫L ϭ 324), which corresponds to initial input configuration to the half input intensity point (⌫L ϭ 162). On the same interval, the NLPS is quasi-linear. A fit leads to a slope of 0.5873 rad. The error factor is 0.00123, which is quite negligible.
To evaluate the validity of approximating an inversion grating by use of the leading term of its Fourier series, in the eigenmodes propagation regime, we study numerically the stability of the eigenmodes in real periodically poled structures. The results, with the following parameters L ϭ 20 mm and ⌫L ϭ 18, exhibit for the steady state a residual oscillation of the normalized pump amplitude of less than 1.25% and a residual oscillation of the NLPS slope of less than 3%. The approximation therefore seems consistent with the eigenmodes behavior.
CONCLUSION
In conclusion, we have studied the properties of the fundamental and the second-harmonic fields propagating in a material with spatially varying anharmonic phasemismatch functions. More specifically, we theoretically investigated phase-mismatch distributions that depend on the evolution of the amplitude of the second-harmonic field during the propagation of a fundamental beam at given and fixed input intensities and wavelengths. The results clearly demonstrate that these configurations can generate eigenfunctions of the SHG process. In the stationary regime, the amplitudes of the output fields thus become nearly constant, whereas the nonlinear phase shift grows linearly with propagation distance. For structures such as ⌬k ϭ ⌬k 0 (A ϩ v n ) and ⌬k ϭ ⌬k 0 (1 Ϫ v n ) we were able to give analytical asymptotic solutions for the NLPS and to characterize the output pump amplitude relative to input intensity and n. A significant enhancement of the NLPS compared with those of constant PM systems was obtained. Furthermore, we observed that the sign of the induced NLPS depends not only on the sign of the total PM ⌬k but also on the phase difference between the fundamental and the secondharmonic beams. The experimental feasibility of the system was then investigated by use of sampled PM functions, which were shown to have a minor effect on the NLPS evolution and amplitude output. We were also able to define an equivalent experimental scheme to obtain the SHG eigenmodes. The structure consists of two consecutive sections of periodically poled lithium niobate with constant but different periods. We used the first section to generate the eigenmode fields, which were then incident upon a second section that then operated in the stationary regime. The behavior of the beam amplitudes, the relatively small amount of pump depletion, and the enhanced NLPS should make such devices particularly interesting for all applications, such as all-optical switching and compensation for the nonlinear Kerr effect, that require the accumulation of important NLPS's.
